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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 





Symbol 


Metric 


English 


Unit 


Symbol 


Unit 


Symbol 


Length 


I 
t 

F 




m 
s 

kg 


foot (or mile) 


ft. (or mi.) 
sec. (or nr.) 
lb. 


Time 


second 


second (or hour) 


Force 


weight of one kilogram 


weight of one pound 


Power.. 


P 


kg/m/s 






hp 

m. p. h. 

f . p. 8. 


Speed . 


fkm/h... _ 


k. p. h. 
m. p. s. 


mi./hr . 






Ws 


ft./sec. 



W, Weight = mg 

g } Standard acceleration of gravity = 9.80665 
m/s 2 = 32.1740 ft./sec. 2 

m, Mass=* — 



p, Density (mass per unit volume). 

Standard density of dry air, 0.12497 (kg-m~ 4 6, 

s 2 ) at 15° C. and 760 mm = 0.002378 c, 

(lb.-ft " 4 sec. 2 ). ft 2 

Specific weight of "standard" air, 1.2255 S 1 

kg/m 3 = 0.07651 lb./ft. 3 . p, 



2. GENERAL SYMBOLS, ETC. 

mk 2 , Moment of inertia (indicate axis of the 
radius of gyration k, by proper sub- 
script). 
S, Area. . 
S w , Wing area, etc. 
G, Gap. 
Span. 
Chord. 



L, 
D, 
D 0 , 



True air speed. 



Dynamic (or impact) pressure =gpV 2 
Lift, absolute coefficient C L = ^k 
Drag, absolute coefficient C D = ^L 



Aspect ratio. 
Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

Q, Resultant moment. 
1 tt<> Bj Resultant angular velocity. 



Profile drag, absolute coefficient 

D { 



D U Induced drag, absolute coefficient C D{ =-X 



VL 

p—t Reynolds Number, where I is a linear 
dimension. 

e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C, the 
corresponding number is 234,000; 
or for a model of 10 cm chord 40 m/s, 
the corresponding number is 274,000. 



Z>„, Parasite drag, absolute coefficient = 
C, Cross-wind force, absolute coefficient 

C-Z 
R, Resultant force. 

i w , Angle of setting of wings (relative to 

thrust line). 
tk» Angle of stabilizer setting (relative to 

thrust line). 



Q.S C v , Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 
Angle of attack. 
Angle of down wash. 
Angle of attack, infinite aspect ratio. 
Angle of attack, induced. 
Angle of attack, absolute. 

(Measured from zero lift position.) 
Flight path angle. 
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SUMMARY 

The atomization and distribution characteristics of 
fuel sprays from automatic injection valves for compres- 
sion-ignition engines were determined by catching the 
fuel drops on smoked-glass plates, and then measuring 
and counting the impressions made in the lampblack. 
The experiments were made in an air-tight chamber in 
which the air density was raised to values corresponding 
to engine conditions. 

The effects of the jet velocity , chamber-air density, 
orifice diameter, and the orifice length-diameter ratio on 
the fineness and uniformity of the atomization and on 
the distribution of the fuel in sprays from plain cylin- 
drical nozzles were determined. The atomization and 
distribution characteristics of sprays from valves having 
spirally grooved stems, of sprays produced by the im- 
pinging of two fuel jets, and of sprays produced by a 
fuel jet striking a metal lip were also measured and 
compared with those of sprays from the plain nozzles. 

It was found that each spray is composed of several 
million drops whose diameters range from less than 
0.00025 inch to 0.005 inch, and sometimes to 0.010 inch. 
The experiments indicated that with a given fuel the 
fineness and uniformity of the atomization increase 
with an increase in the jet velocity, and with a decrease ! 
in the orifice diameter. Orifice length-diameter ratio and 
chamber-air density had no decided effect on the spray 
atomization. Centrifugal-type sprays, impinging-jets 
sprays, and sprays formed by a jet striking a metal lip I 
were found to have no better atomization than sprays 
from plain nozzles, provided that the jet velocity was the 
same, but the distribution of the fuel within these sprays 
was found to be much better than for plain sprays. 

INTRODUCTION 

One of the most difficult problems encountered in 
the development of high-speed compression-ignition 
engines has been the proper atomization and distribu- 
tion of the fuel in the combustion chamber during the 
extremely short time available. Rapid combustion of 
the fuel does not take place as soon as it enters the 
combustion chamber, but a certain time, known as the 
ignition lag, elapses during which the temperature of | 



the fuel is raised to its auto-ignition point by the 
absorption of heat from the compressed air. The 
rale of heat absorption by a fuel drop is directly pro- 
portional to its surface area; the rate of its temperature 
rise is inversely proportional to its volume. Because 
the surface area varies as the square of the diameter, 
whereas the volume varies as its cube, a small drop 
will have a shorter ignition lag than a large one. The 
time required for the complete combustion of small 
drops is also less than that for large ones; therefore 
the smallest drops are the most desirable if they can 
be obtained without sacrificing good distribution. 

Engine-performance tests made in connection with 
measurements of the atomization of the fuel (refer- 
ence 1) showed that a decrease in the mean drop size 
was not always accompanied by a better engine per- 
formance. The smaller drops probably did not pene- 
trate to all parts of the combustion chamber, and some 
of them failed to burn because of lack of oxygen. 
Conversely, a change in nozzle design which improves 
the distribution may also change the atomization. In 
the experiments described herein, these two spray 
characteristics have been studied together. 

A survey of most of the previously published work 
on the atomization and distribution of fuel sprays (see 
bibliography appended) showed that these problems 
have usually been studied separately. Kuehn in 1924 
published an account of an experimental investigation 
of the atomization of fuel sprays produced at rela- 
tively low pressures and injected into air at atmos- 
pheric pressure and temperature. He caught the 
sprays on smoked-glass plates, counted the number of 
impressions made in the lampblack by the fuel drops, 
and very carefully determined the weight of the fuel 
caught on the plates. From these data he computed 
the mean drop size for each experimental condition. 

WOItjcn in L925 studied the atomizations of fuel 
sprays by injecting them into a gelatinous substance, 
which caught and held the drops. He then look 
photomicrographs of the drops, from which he de- 
termined the relative fineness and uniformity of the 
atomizations. He used injection pressures and cham- 
ber-air densities corresponding to those used in 
engines. 



4 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



Sass in L930 published the results of some atomi- 
zation experiments made by himself while using a 
variation of Woltjen's method. He caught the 
drops on the surface of a pool of glycerin which was 
placed about 8 inches directly below the spray nozzle, 
and then took photomicrographs of them. 

The most direct method employed to study fuel 
atomization has been the spark photography of the 
drops while they are still in the spray. Scheubel has 
thus photographed the sprays from carburetor jets, 
and Sass has been able to photograph the drops in 
a high-velocity spray at a magnifying power of 10. 
Photomicrographs of fuel sprays have also been taken 
at this laboratory using the same magnification, and 



and nozzle dimensions. Wherever possible, the results 
have been compared with those obtained by other 
investigators. 

APPARATUS AND TEST METHOD 
FUEL-INJECTION SYSTEM 

The fuel-injection system used for an investigation 
of spray characteristics should be as nearly like those 
used on engines as possible. At the same time, there 
must be only a single injection, the duration and veloc- 
ity of which can be controlled and measured. The 
common-rail fuel-injection system which is used with 
the N. A. C. A. spray photography equipment ful- 
fills these requirements, and was used for these tests. 



High pressure 
' reservoir 




Figure 1— Fuel-spray injection system 



the results will be published at a later date. (See 
Bibliography.) 

The best known tests on the distribution of fuel 
in sprays are those made at the Pennsylvania State 
College using a " spiral staircase" of collecting pads. 
(References 2 and 3.) The results of these tests 
showed that the fuel concentration was greatest along 
the axes of the sprays, and that it decreased rapidly 
toward the edges. 

The present report presents the results of a series 
of measurements of the atomizations and distributions 
of fuel sprays made in 1931 by the National Advisory 
Committee for Aeronautics, at Langley Field, Va. 
Four different types of sprays were investigated, using 
different injection pressures, chamber-air densities, 



It is shown diagrammatieally in Figure 1, and its 
action is fully described in reference 4. 

The steel injection tube that was used had an 
external diameter of 0.25 inch, an internal diameter 
of 0.125 inch, and a length of 100 inches. Previous 
experiments (reference 4) had shown that the fuel 
pressure at the nozzle was steadier when long tubes 
were used. 

The different types of nozzles used are shown in 
Figure 2. Figure 2 (a) shows a plain nozzle assembled 
in the end of the injection valve shown in Figure 1. 
The same type of nozzle in the same valve, assembled 
with an adapter and a valve stem having four helical 
grooves which gave the fuel a whirling motion as it was 
injected, is shown in Figure 2 (b). The orifice diameter 
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was 0.020 inch, the total area of the grooves and clear- 
ance space was 0.00052 square inch, and the rectified 
length of each groove was 0.204 inch. Figure 2 (c) 
shows a nozzle which directed the fuel jet against a flat 





(b) Helically-grooved stem 




(c) Lip 



(d) Impinging-jets 



Figure 2— Assemblies of the four types of nozzles tested 

lip set at an angle of about 45° to the jet. The fuel 
did not rebound after striking the lip, but continued in 
nearly the same direction as the lip surface. The 
injection valve used with this nozzle w as very much like 
that used with the plain nozzles, the principal differ- 
ence being in the size of the stem and in the seat angle. 
Figure 2 (d) shows a nozzle in which two fuel jets im- 
pinged upon each other just after leaving their orifices. 
The angle between the jets was 74° and the diameter 
of each orifice was 0.028 inch. A complete descrip- 
tion of this valve and nozzle is given in reference 



roots of the instantaneous pressures against time, then 
integrating this curve with a planimeter, determining 
the mean square root, and squaring thai value. 

The fuel used for all the tests made at this laboratory 
was a high-grade diesel fuel, having a specific gravity 
of 0.86, a viscosity of 38.5 Saybolt Universal seconds, 
and a surface tension of 0.000160 pound per inch at 
atmospheric pressure and at a temperature of 73° F. 

APPARATUS FOR MEASURING THE ATOMIZATION AND DISTRI- 
BUTION OF SPRAYS 

The apparatus used to obtain a record of the atoin- 
ization and distribution of the injected fuel is show n 
diagrammatieally in Figure 3. A cylindrical steel 
chamber 18 inches long and 6 inches in diameter had 
one end closed by a steel plate welded in place. The 
other end was fitted with a flange and a removable 
cover bolted to it, with air-tight packing between the 
flange and the cover. A threaded opening was made 
in the fixed end of the chamber to insert the injection 
valve. A similar opening (marked "Hole for lip 
nozzle" in fig. 3) was made in the wall of the chamber 
and was used to insert the valve when using the lip 
nozzle. 

When a record was to be made, a glass plate was 
given a heavy coating of lampblack with a kerosene 
flame, and then placed in the bottom of the chamber. 
The end of the chamber was bolted in place, and com- 
pressed air was admitted to the chamber until the 
desired pressure was indicated by a spring gauge. A 
baffle plate in front of the incoming air stream was 
found necessary to prevent damage to the lampblack 
surface. Fuel sprays from all except the lip nozzle 
were injected with their axes parallel to and 2%* 
inches above the smoked plate. The spray from the 
lip nozzle was directed at an angle toward the plate. 



5. Except where otherwise noted, all tests were 
made with the plain type of nozzle in the in- 
jection valve shown in Figure 1. 

In each case the valve opening pressure was 
500 pounds per square inch less than the reser- 
voir pressure. 

MEASUREMENT OF INJECTION PRESSURE 



Hole for lip nozzle 



■ Compressed- oir c onnec lion 



Baffle plate 



-18"- 



Smoked- glass plate 



Because of pressure-wave phenomena in in- 
jection systems, the pressure of the fuel at the 
nozzle is never constant during injection. The 
instantaneous variations in pressure were ob- 
tained for all the conditions used in these tests 
by analyzing the photographically recorded lift- 
time curves of the valve stem. The method 
of recording and analyzing the stem-lift curves 
is fully described in reference 4. Because the flow 
velocity through a nozzle varies as the square root 
of the pressure difference, the effective injection pres- 
sure for each test was obtained by plotting the square 



•r\::::::::;::::::::::::;;:::::;:;, 



Air exhaust- 




Figure 3.— Chamber used to obtain atomization and distribution records on smoked-glass 

plates 

but did not reach it until it had penetrated nearly to 
the opposite end of the chamber. When the forward 
velocity of the fuel drops had become nearly zero, they 
slowly descended toward the smoked plate. As each 
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Figure 4.— Sketch of smoked-glass plate used to catch fuel drops, 
showing system used for locating photomicrographs. The dots 
represent a typical distribution of the larger drops and the circles 
indicate the positions of a set of photomicrographs 



drop touched the surface a hole was made in the lamp- 
black, the diameter of which was a function of the 
diameter of the drop making it . 

These holes were studied with a microscope, and 
photomicrographs were taken of a number of repre- 
sentative regions, to be analyzed later. 

TEST METHOD 

In one of the preliminary trials made to find the 
best method of catching the drops, a tray divided into 
1,500 parts by thin partitions and filled with glycerin 
was placed at the bottom of the chamber. After the 
drops had settled, samples of the glycerin from differ- 
ent parts of the tray were transferred to microscope 
slides and examined. This method proved to be less 
satisfactory than the smoked-plate method, for the 
transfer of the samples to the slides was difficult, and 
disturbed the arrangement of the drops. 

The smoked-plate method required that the layer of 
lampblack have a smooth surface, and that its thick- 
ness be uniform and of such a magnitude that the fuel 
would be absorbed by it and not be allowed to reach 
the surface of the underlying glass, where it might 
spread. After many experiments it was found that 
smooth even coatings of lampblack could be applied 
to the plates by supporting them at the ends and 
smoking them with a Lamp ha ving n wick whose width 
was greater than the width of the plates. Experi- 
ments were made to determine the thickness of lamp- 
black best suited for catching the oil particles. If 
the coating was less than about 0.001 inch thick, 
severe spreading of the oil particles took place. 
However, thicknesses greater than about 0.003 inch 
showed little evidence of spreading. Two narrow plates 
smoked to a depth of 0.003 inch and 0.025 inch, respec- 
tively, and placed in the atomization chamber side by 
Bide showed very nearly the same sizes of drop impres- 
sions. Therefore, a thickness of from 0.00G to 0.012 
inch was considered sufficient, and in each case the 
depth of the lampblack was checked by means of a 
micrometer focusing screw on the microscope. 

Some of the records were made w T ith the chamber 
vertical instead of horizontal. In these tests 6-inch- 
diameter glass plates were smoked and placed at the 
bottom of the chamber. Although the fuel was then 
sprayed directly toward the plate, in only a few cases 
did it retain sufficient velocity to damage the lamp- 
black coating. 

Different powers were tried with the microscope, 
and a magnification of 50 was found to be most suit- 
able. This magnification easily show r ed the smallest 
impressions that the lampblack was capable of re- 
cording, the granular structure of the lampblack being 
of such a magnitude that no impressions less than 
about 0.00025 inch in diameter were discernible. 
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Stokes's formula for the terminal velocity of freely 
falling spheres was used to determine the time required 
for the drops to fall the height of the chamber; in each 
case the compressed air was not released and the plates 
removed until the smallest measurable drops had had 
time to settle to the lampblack. 

A preliminary test was made to determine whether 
the size of the drop impressions varied with time. The 
record was removed from the chamber as soon as 
possible, and a series of photomicrographs of the same 
area was made, the first one taken 2 minutes after 
the injection and the last one 16 hours later. No 
difference in the size of the impressions could be 
observed. 

Figure 4 shows the system used to designate the 
positions on the plates at which photomicrographs were 
taken. The position A-0 is directly under the fuel 
nozzle, and the various positions are all 1 inch apart. 
Before taking each photomicrograph the region within 
about 0.5 inch of the indicated position was examined 
carefully and a group of impressions selected which 
were most representative of the region. 

It was found that the best way to illuminate the 
surface of the Lampblack for photographing was to 
throw two strong beams of light along the surface 
inclined slightly downward, the two beams being dia- 
metrically opposite each other. When this was done 
the surface appeared nearly white, but the holes were 
in dense shadow. Some typical examples of the 
photomicrographs are shown in Figure 5. The lines 
across the photographs were made by wires stretched 
in the camera, and were placed there as an aid to 
counting the drop impressions. 

COMPUTATION OF RESULTS 

All of the data on the atomization and distribution 
of fuel sprays that are presented in this report are 
based on the measurement and classification of the 
impression- made by the fuel drops in the lampblack 
con ting of the receiving plates. Tests and computa- 
tions made especially for the purpose showed that no 
great error is introduced if the diameters of the 
impressions are assumed to be equal to the diameters 
of the drops that made them. The justification of 
this assumption will be discussed in greater detail 
later. 

To facilitate the work of classifying the drop sizes, 
a series of small circles were drawn on a piece of cellu- 
loid, each one representing an impression of a certain 
diameter, magnified the same amount as the photo- 
micrographs. The smallest of these represented an 
impression 0.0005 inch in diameter, the next 0.0010 
inch, then 0.0015 inch, etc. By placing this celluloid 
sheet over prints of the photomicrograph negatives 
and moving it about by hand, the circle which most 
nearly fitted each impression wm quickly found. 



This method divided all the impressions into a series 
of groups, the mean diameters in each group differing 
from the next by 0.0005 inch. During this investiga- 
tion about 180,000 impressions were thus measured. 

It was recognized that each impression except the 
very smallest must obscure a certain number of smaller 
ones. All results were corrected for these superposed 
impressions as follows: 

Let n — number of impressions counted with di- 
ameter d. 

N — corrected number of impressions with di- 
ameter d. 

A — surface area of lampblack included in the 

photomicrograph . 
A' — sum of areas of all impressions with a 

diameter greater than d. 



Then 



n 



A- A' 



N 
"A 



or 



N = 



A n 
A-A' 



These corrected numbers were used for all subsequent 
computations. 

Both Woltjen and Sass expressed the results of their 
atomization experiments by plotting the diameters of 
the drops as abscissas and the number of drops, or 
their weight, included within a certain area, such as the 
field of a microscope, as ordinates. These curves were 
called "frequency curves/' since they expressed the 
frequency with which drops of any size might be 
expected to occur. In this report the same type of 
curves are used, but the ordinates are expressed in 
terms of percentages of the total number of drops, 
or of the total volume. Thus all the curvo* can be 
directly compared without confusion arising from the 
different amounts of fuel on which the curves are 
based. This method gave a series of independent 
points, rather than points on a curve, but curves were 
drawn through them to make comparisons easier. 
The curves given in this report will be referred to as 
"atomization curves" rather than "frequency curves," 
both because of the change made in the ordinates and 
because it is felt that the word "frequency " might be 
confusing. These atomization curves express both the 
degree of fineness and the uniformity of the atomiza- 
tion. The closer the curves are to the vertical axis the 
finer is the atomization, and the smaller the range of 
drop diameters included the more uniform is the 
atomization. Specific values can be obtained from 
the curves only at points for the "group mean diame- 
ters," 0.0005 inch, 0.0010 inch, etc. For example, 
at a group mean diameter of 0.0010 inch the curves 
should be read: So many per cent of the total number 
(or volume) of the drops larger than 0.00025 inch in 
diameter were found to be between 0.00075 and 0.00125 
inch in diameter. 
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Atomization curves representing the average for the 
entire spray were obtained by combining the data 
from the various photomicrographs. The horizontal 
records were divided into sections by lines perpendicu- 
lar to the center line and halfway between the photo- 
micrograph locations. For the sections which included 
three photomicrographs the data for the section were 
obtained by taking the average of the data for the 



assuming that every drop in each group had a diam- 
eter equal to the group mean diameter. Now if, in 
each group, the various sizes were evenly distributed, 
the weights thus obtained would be too low because the 
volume varies as the cube of the diameter. However, 
it is known that there was always a greater number of 
the smaller sizes in any group, which would tend to 
compensate for this error. 



TABLE I 

TEST CONDITIONS AND COMPUTED RESULTS OF THE ATOMIZATION EXPERIMENTS 
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photomicrographs, counting the center one once and 
each of the others twice. The data for the entire 
record were then obtained by adding the data for the 
various sections. When the test chamber was mounted 
vertically the distribution of the drops was fairly 
uniform, so that curves for the entire spray were 
computed by using the combined data from several pho- 
tomicrographs taken at even intervals over the record. 

In Table I are listed the data concerning the nozzles 
tested, the injection conditions, and a summary of the 
results obtained. Column 10, the total number of 
drops on the record, was computed by multiplying the 
number of drops classified (column 9) by the ratio of 
the area of the lampblack record to the area included 
in the photomicrographs. Column 11, the total 
weight of the drops on the record, was computed by 
117149—32 2 



Column 12, the computed weight of the fuel dis- 
charged, was obtained by substituting the proper 
values in the usual flow formula. 

W=a t c ^2Pgp 

where 

W — the weight of fuel discharged, in pounds. 
a — the area of the discharge orifice, in square inches. 
t — the time, in seconds. 
c — the coefficient of discharge of the nozzle. 
P — the effective injection pressure, in pounds per 

square inch. 
g — the gravitational constant, in inches/second. 2 
p — the specific weight of the fuel, 0.0307 
pound/cubic inch. 
The discharge time was obtained directly from the 
stem-lift records, and the coefficients of discharge of 
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the nozzles used in this investigation had been previ- 
ously determined. (Reference 6.) 

In column 13 are given the arithmetical means of 
the drop diameters, and in column 14 are given the 
diameters obtained by taking the arithmetical means 
of the drop volumes. 

In column 15 are given the mean drop diameters 
computed by the method proposed by Sauter. (Ref- 
erence 7.) After studying the various ways that may 
be used to compute mean drop diameters, he concluded 
that for fuel sprays neither the arithmetic nor the 
volumetric mean value is as important as a value based 
on the ratio of the total volume of the drops to their 
total surface area. He therefore proposed that 
another method be used in which the actual mixture 
is assumed to be replaced by a uniform mixture in 
which the total surface area 0 and volume V of the 
drops are the same as for the actual mixture, but the 
number of drops is different. The value of the mean 
radius under these conditions he showed to be: 

T m Q 

In the computation of columns 13, 14, and 15 the 
same assumption was made as for column 11 — that all 
drops within a group had the same group mean diam- 
eter. 

To furnish a comparison between this work and that 
of Kuehn, the mean drop diameters were computed 
from the total number of drops, column 10, and the 
computed weight of discharge, column 12. These 
values are listed in column 16. 

ACCURACY 

The test method employed is subject to several 
possible errors. First, the assumption that the drops 
falling on the lampblack made impressions of the same 
diameter as the drops themselves needs justification. 
By a comparison of the results listed in columns 11 
and 12 of Table I, it will be seen that in nearly every 
case the weight of the discharged fuel as computed 
from the size and number of the drop impressions does 
not differ by more than 50 per cent from the weight as 
computed with the flow formula. When it is con- 
sidered that only 0.1 per cent or less of the drop im- 
pressions were measured, such a check seems surpris- 
ingly good. As smoked plates were placed only below 
the spray, it is likely that some of the fuel drops struck 
the top and sides of the chamber, and never reached 
the lampblack. One of the experiments was carried 
out with the spray surrounded by smoked plates 
arranged in the form of a hollow triangular prism and 
placed in the experimental chamber so that the spray 
was injected along the axis of the prism. The farther 
end of the prism was closed by fastening another 
smoked plate to the end of the chamber. Each of the 



four smoked plates was analyzed and the data com- 
bined. The results of this experiment are listed in 
Table I as Record No. 4. The weight of fuel as com- 
puted from the drop impressions is 0.000631 pound, 
whereas that computed from the orifice diameter and 
the effective injection pressure is 0.000473 pound, 
which is about the same degree of variation as found 
for all other experiments. 

The accuracy of the results computed from the 
orifice area and effective pressure has been reported in 
reference 4, in which the same equipment was used as 
for these atomization experiments, except that the 
discharge was caught in a small receptacle and weighed 
with an analytical balance. When the computed 
values were compared with the measured ones, it was 
found that the former were about 10 per cent too great. 

Another chance for error lay in the choice of the 
drop impressions which were to be photographed. 
These were selected very carefully after studying each 
record through the microscope, but with millions of 
impressions on the plates the ones selected may not 
always have been truly representative. 

Figure 6 contains the results of two experiments 
made under the same conditions. The results were 
worked up independently of each other, and they show 
that the atomization curves can be reproduced fairly 
consistently. It will be noticed that the two curves for 
percentage by volume vary mostly in the end regions. 
This difference at the left of the curves is because the 
smaller drops are hard to distinguish, and their 
visibility is considerably affected by the texture of the 
lampblack surface, which varies with the different 
records. At the right of the curves the variation is 
caused by the fact that a difference of one or two large 
drops makes large changes in the volume. The fuel 
pressure in the reservoir of the injection system was 
the same for each case; the difference in the effective 
injection pressures indicates the degree of error in the 
method of measuring these pressures. 

TEST RESULTS AND DISCUSSION 

EFFECT OF DIFFERENT FACTORS ON THE ATOMIZATION OF FUEL 
SPRAYS FROM PLAIN NOZZLES 

Operating conditions — Injection pressure. — The re- 
sults of the tests on the effect of injection pressure on 
the atomization are shown in Figure 7. As will be 
shown later, it is not the pressure that affects the atomi- 
zation, but the velocity imparted to the fuel by virtue 
of the pressure drop through the nozzle. However, 
with plain nozzles, the simplest means of obtaining an 
increase in the injection velocity is to increase the injec- 
tion pressure; for the sake of simplicity, the results 
have been plotted in terms of the injection pressure. 
This factor has the greatest effect on the atomization 
of sprays, and is also the one which varies between the 
widest limits. As Figure 7 shows, an increase in the 
jet velocity (injection pressure) results in a decrease in 
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the mean size of the drops and an increase in the uni- 
formity of the atomization. 

These results agree in general with those of previous 
investigators; but as to the magnitude of the effect of 
jet velocity on atomization and the sizes of the drops 



I 8.) According to this theory, the atomization is uni- 
I form at all times. The size of the drops varies directly 
as the specific gravity and surface tension of the fuel 
and inversely as the specific gravity of the air, the jet 
velocity, and the coefficient of the air resistance. 
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Figure 6. — Atomization curves for two sprays produced under the same conditions, showing experimental variations 



found, the agreement between the investigators is not 
as good. A close agreement could hardly be expected 
in vjew of the different injection valves, injection sys- 
tems, nozzles, and fuels used, as well as the different 
methods of measuring the injection pressure and deter- 
mining the drop sizes. 



Chamber-air density. — Atomization curves showing 
the effects of the density of the air in the experimental 
chamber are shown in Figures 9 and 10. In these fig- 
ures, and in most of those referred to in the following 
discussion, frequency curves are given in terms of per- 
centage by volume only. Curves for percentage by 



60 



50 



L 

is* 0 

^30 

0)0 
D Qj 

8 *° 

to 



10 



I I I I 

o, 450 Ib./sq. in. Record No. I 

b, 880 2 

c, 2280 3 - 

d, 4160 ' " 4 

e, 5100 ' " 5 




60 



50 



§ 

^ 0 

M 

U 



40 



30 



20 



10 





1 1 1 1 

a, 450 ib./sq. in. Record No. 1 

b. 880 2 

^ ponn „ „ „ „ ? 






d, 4 

e, 5 


160 » 
700 " 






u 4 
" 5 






















_ y - e 

\\ . 
















\ b 








7 















.001 .002 .003 .004 .005 
Group meon diomefer, inch 



006 O .001 
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Figure 8 shows a summary of the results of several 
investigations of the effect of the jet velocity on the 
mean drop size. The size is expressed on a volumetric 
basis in each case. Kuehn's results were therefore 
used directly, but those of Sass and Woltjen had to be 
recomputed from their frequency curves. 

Figure 8 includes also a curve plotted from the theo- 
retical equation developed by Triebnigg. (Reference 



number were drawn for each case, but they did not 
express the results as clearly as the volume curves. 
The results shown in Figure 9 were obtained first, indi- 
cating that the drops became larger as the density was 
increased. These results are contradictory to those of 
Sass, whose frequency curves for this factor are given 
in reference 1. Because some combination of errors 
might have caused this reversal of results the series 
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was later repeated, using a different nozzle and injec- 
tion period. The range of air densities was also ex- 
tended. The curves for these tests (fig. 10) again indi- 
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Figure 8.— Comparison of the results of various investigators concerning the effect 
of injection pressure on mean drop size 

cated that the best atomization was produced at the 
lowest air density, but the poorest atomization was 
obtained at the intermediate density. 
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ferent air densities, but was unable to detect any change 
in the atomization due to changes in the air density. 

The effects of the chamber-air density on the volu- 
metric mean drop size as measured by Sass and by this 

50 r 
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Figure 9. — Effect of chamber-air density on fuel atomization. Effective injection 
pressure, 4,100 lb. per sq. in. 

Kuehn worked at atmospheric air pressure only, so 
that his data include no information on the effect of 
air density. Woltjen reported a series of tests at dif- 
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tive injection pressure, 4,140 lb. per sq. in. 

laboratory (records 9, 10, and 11) are shown in Figure 
11. Triebnigg's theoretical curve, computed with the 
same constants used for Figure 8, is also included. His 
assumption that the atomization is inversely propor- 
tional to the air density is not supported by the experi- 
mental results. 
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Figure 11— Comparison of the results of various investigators concern- 
ing the effect of chamber-air density on mean drop size 

In view of these conflicting results and incomplete 
experimental work, the only conclusion to be drawn 
regarding the effect of air density on atomization is that 
it is not as great as has commonly been thought. 

Nozzle dimensions — Orifice diameter. — Next to jet 
velocity, probably the most important factor in fuel 
atomization is the orifice diameter. Figure 12 shows 
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the results of tests made with three nozzles, geomet- 
rically similar, but having different orifice diameters. 
These curves show that the atomization became finer 
and more even when smaller orifices were used. In 
these tests care was taken to have the effective injection 
pressure the same with all nozzles. Owing to the differ- 
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Figure 12. Effect of orifice diameter on fuel atomization. Mean effective injection 
pressure, 3,913 lb. per sq. in. 

ence in flow area, the same reservoir pressure could not 
be used with the different nozzles. Instead, it was 
varied for the second and third tests until the stem-lift 
records showed that the pressure at the nozzle was the 
same as for the first test. The experiments of Sass 
agree with these as to the effect of orifice diameter on 
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Figure 13.— Effect of orifice length-diameter ratio on fuel atomiza- 
tion. Mean effective injection pressure, 4,133 lb. per sq. in. 

the atomization, but he again found the average drop 
size smaller. 

Orifice length-diameter ratio. — Figure 13 shows 
the results of atomization tests with orifices having 
different length-diameter ratios. No definite changes 
in the atomizations could be measured. 

ATOMIZATION OF SPRAYS FROM SPECIAL TYPES OF NOZZLES 

Although fuel sprays from plain nozzles have been 
found by many engine tests to be satisfactory whenever 



the shape of the combustion chamber will allow their 
use, there are many cases where greater dispersion and 
less penetrative power are desirable. These features 
are sometimes obtained by replacing the single hole by a 
number of smaller ones having the same total area. 
This case has been covered by the tests on the effect of 
orifice diameter on atomization. 

Centrifugal-type sprays. — The use of helical grooves 
in the valve stem through which the fuel must pass 
before going through the nozzle is another means of 
spreading out the spray. Many attempts have been 
made to use this principle in injection valves, but the 
engine test results have usually been disappointing. 

To determine what effect a spirally grooved stem ha 1 
on the atomization of the fuel, the combination shown 
in Figure 2 (b) was tested, end the results were com- 
pared with those obtained with the same nozzle using a 
plain stem. As Figure 14 shows, a pressure of 2,280 
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FIGURE L4. — Atomtaation curves for a helically grooved Stem and a 
plain stem in the same injection valve 

pounds per square inch with the plain stem produced an 
atomization of the same degree of fineness but of greater 
uniformity than 4,900 pounds per square inch with the 
spirally grooved stem. The vr.lue of the coefficient of 
discharge for the centrifugal spray was only 0.37 as 
compared with 0.94 for the same nozzle without the 
grooved stem. Assuming no jet contraction, the com- 
puted discharge velocity for the centrifugal spray at a 
pressure of 4,900 pounds per square inch was found to 
be 342 feet per second, whereas that for the straight 
spray at 2,280 pounds per square inch was 590 feet per 
second. These results indicate that it is the jet velocity 
rather than the injection pressure that controls the 
fineness and uniformity of atomization. 

Impinging-jetssprays. — An other means o f i n c r e a s i n g 
the dispersion of fuel sprays is to have two fuel jets 
impinge upon each other immediately after leaving 
their orifices. To study the effect of such impinge- 
ment on the atomization and distribution of sprays, 
tests were made using the nozzle shown in Figure 2 (d). 
In Figure 15 curves are shown comparing the atomiza- 
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tion produced by this nozzle and by a plain nozzle 
having an orifice diameter nearly the same as that of 
each of the impinging-] ets orifices. Here again care 
was taken to keep the pressure at the nozzle the same 
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in all tests. The results of these tests showed a much 
poorer atomization for the impinging jets than for the 
single jet. However, the design of the impinging-jets 
nozzle may partly account for this poorer atomization. 
The jet velocity of the impinging jets was probably less 
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Figure 16. — Stem-lift records made with the impinging-jets valve 

than that of the single jet, because of the long and angu- 
lar passage between the valve-stem seat and the orifices, 
and such a lowered velocity would make the atomiza- 
tion poorer. Unfortunately, the apparatus used at 
this laboratory to measure the coefficients of discharge 
of nozzles is not capable of handling such large rates 



of flow as prevail in this impinging-jets nozzle, so that 
the discharge velocities could not be computed. 
Another factor which probably caused the atomization 
to be poorer for this nozzle was the larger volume of 
fuel injected at low velocities during the secondary 
discharges, which are caused by the bouncing of 
the valve stem on its seat after cut-off. 

To determine whether these secondary discharges 
had a decided effect on the atomization, a test was 
made with the impinging-jets nozzle and valve in 
which weights were added to the valve stem until 
its mass was increased to four times the normal 
value. Stem-lift records (fig. 16) showed a very 
pronounced increase in the bouncing of the stem, 
and the atomization was found to be much poorer. 
(Compare curves for records Nos. 19 and 20 in 
fig. 15.) 

Sprays from a lip nozzle. — The next nozzle to be 
tested was one having a steel lip placed in the path 
of the fuel jet. (See fig. 2 (c).) The results are shown 
in Figure 17, which also shows the curve for a plain 
nozzle under nearly the same conditions. The ori- 
fice diameter of the lip nozzle was a little less than that 
of the plain nozzle, but the injection pressure was also 
a little lower. From the results of the tests on these 
two variables it was computed that the increase in the 
volumetric mean drop diameter due to the lower pres- 
sure nearly offset the decrease due to the smaller ori- 
li< <\ so that the results of this test are comparable. 
The curves are almost identical, so that it may be con- 
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plain nozzle, 3,920 lh. per sq. in. 

eluded that the lip had no measurable effeel <>n the 
atomization. 

Visual observation of sprays. — When these various 
types of low penetration sprays are injected into the 
air for visual observation, they always appear to be 
more finely atomized than the sprays from plain noz- 
zles. They appear so because the drops distribute 
themselves more quickly throughout the air, soon 
losing their high velocity and then settling slowly 
downward. It is believed that these atomization 
experiments have shown the futility of attempting to 
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Figure 18.— Atomization curves obtained from record No. 3, using a plain cylindrical nozzle. Effective injection pressure, 2,280 lb. per sq. in.; chamber-air density, 0.94 lb. per cu. ft.; orifice 

diameter, 0.020 inch 
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judge the relative atomization of fuel sprays by such 
observations. 

DISTRIBUTION OF THE DROPS IN FUEL SPRAYS 

Up to this point the discussion has been limited to 
the average atomization of the sprays. However, the 
atomization of different parts of the sprays may be 
studied by plotting the data obtained from each 
photomicrograph as separate curves, and arranging 
these in the same order as the positions on the lamp- 
black records at which the photomicrographs were 
taken. Figures 18 to 20 show atomization curves 
arranged in this manner, the letter and number beside 
each set of curves designating its location, according 
to the system shown in Figure 4. 

In the study of these figures it is necessary to keep 
in mind that they represent conditions in the sprays 
after the drops had lost most of their forward velocity. 
The records showed that this did not occur in many 
cases until they had reached a point 17 inches or more 
away from the nozzle. In an engine the drops would 
have struck the chamber walls or have been burned 
before they had traveled this distance, so that these 
huu res do not picture the atomization as it would be 
at the time of combustion. The best that can be done 
with the present test method is to tiy to reason back- 
ward, being guided by the knowledge of spray char- 
acteristics gained by other means. 

Computations on the penetration of single fuel 
drops in compressed air made by Kuehn (reference 9 
show that the energy possessed by them as they leave 
the nozzle is sufficient to enable them to penetrate the 
dense air of the combustion chamber only about 1 inch. 
The fact that they do travel much farther from the 
nozzle he attributed to the presence of the large num- 
ber of drops in each spray, all of which transmit their 
kinetic energy to the surrounding air, and thus estab- 
lish an air current in the direction of the jet. The 
drops soon lose their velocity with respect to the air, 
but continue to move forward, carried by the moving 
air. Experiments have been performed at this labora- 
tory (reference 10) which indicate that t his explanation 
is correct. Sprays were produced under a wide variety 
of conditions, their form was studied by taking spark 
photographs, and their penetrating power measured 
by injecting them against targets made of Plasticine. 
The results showed that in sprays from plain nozzles 
which were injected at high pressure (4,000 pounds 
per square inch) into compressed air (density = 1.1 
pounds per cubic foot) the fuel drops had lost most of 
their relative air velocity by the time they reached a 
point 4 inches from the nozzle. Until this penetration 
was attained the spray was composed of a central core 
containing drops which still had a high velocity rela- 
tive to the air, surrounded by an envelope of spray in 
which the fuel concentration was much less, and in 
which the fuel drops had little velocity relative to the 
air. Some of the drops in the outer portions of the 



core were torn off and entered the envelope, but the 
greater number of them remained in the core. Be- 
yond about 4 inches, there was no longer a distinct 
core and envelope, but the entire spray was composed 
of drops in a swirling air current. 

The distribution of the drop impressions on the 
lampblack records furnished additional evidence that 
fuel sprays are formed in this manner. On the records 
made with the test chamber in the horizontal position, 
the portions representing the first few inches of spray 
penetration always showed a definite pattern, very 
narrow under the nozzle, but flaring out until it filled 
the width of the record at about 5 inches from the 
nozzle end. Beyond this region the records were never 
similar. The dots in the sketch of a typical lampblack 
record (fig. 4) show the distribution of the impressions 
that were visible to the unaided eye on this record. 
The photomicrographs shown in Figure 5 (a), (b), and 
(c) were made of the same record, and show how the 
size of the impressions varied in different parts of the 
records. 

When the test chamber was mounted vertically and 
smoked plates were placed at the bottom of the cham- 
ber perpendicular to the spray axis and 18 inches from 
the nozzle, the distribution of the impressions was 
usually very regular. There were often a few very 
large drops directly under the nozzle, probably due to 
dribbling of the valve. 

If the process of spray formation as outlined in the 
preceding paragraphs be kept in mind, the atomiza- 
tion curves for a spray from a plain nozzle (fig. 18) 
may be used to visualize the distribution of the drops 
at the start of combustion. If, for instance, it is as- 
sumed that combustion starts when the spray has be- 
come 4 inches long, all of the fuel represented by 
curves beyond this point must be thought of as com- 
ing from the inner core of the spray, and the curves 
which are in rows B and C and are 4 inches or less 
from the nozzle position represent fuel in the envelope. 
( urves A- 1 to A-5 probably represent fuel leaving the 
nozzle at the end of the main injection, or during the 
secondary discharges. 

A comparison of Figure 18 and a similar plot for a 
spray from the same nozzle at 5,700 pounds per square 
inch injection pressure showed that the curves at posi- 
tions A- 1 to A-5 had the greatest differences. This 
fact supports the supposition that these curves repre- 
sent the secondary discharges, for, as Figure 8 shows, 
equal pressure changes have a greater effect at low 
than at high injection pressures. The comparison also 
showed that the increase in the injection pressure had 
a greater effect on the fuel in the envelope than on the 
fuel in the core of the sprays. 

Sprays made with a helically grooved stem in the 
injection valve are quite different from those made 
with a plain stem. Both spark photographs and injec- 
tions against Plasticine targets showed that the spray 
in the former case was composed of a central core of 
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Figure 22— Effect of chamber-air density on spray penetration. Effective 
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Figure 24.— Spray penetration curves for a centrifugal-type spray. Chamber-air 
density, 0.94 lb. per cu. ft.; effective injection pressure, 4,900 lb. per sq. in. 
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approximately cylindrical form surrounded by a thin 
sheet of fuel in the form of a hollow cone having an 
apex angle of about 50°. When injected into air at 
atmospheric density, this hollow cone was very dis- 
tinct and maintained its shape for several inches be- 
yond the nozzle. At an air density of 0.94 pound per 
cubic foot, however, the conical sheet of fuel was less 
distinct and lost its penetrative power much sooner 
than the central core. 

The atomization in different parts of such a spray is 
shown in Figure 19. Under the conditions used for 
this test the fuel drops lost their relative air velocity 
somewhere between 1 and 3 inches from the nozzle. 
The shapes of some of the atomization curves in this 
figure are different from any obtained with the other 
nozzles. At three positions near the nozzle there is a 
scarcity of drops from 0.0015 to 0.0025 inch in diam- 
eter, and at position C-3 the drops of the largest size 
contain the greatest percentage of fuel. This latter 
curve may be the result of photographing and measur- 
ing a nonrepresentative group, but the other abnormal 
type was found too many times to be accidental. The 
best explanation of the double peaks of these curves 
seems to be that they represent the two distinct parts 
of the spray. The peak showing the finer atomization 
was caused by fuel from the outer cone, and the other 
peak represents the fuel from the central core. A com- 
parison of the curves at positions A- 1 and B-l sup- 
ports this explanation. This double-peaked type of 
curve appears most distinctly at the position A-2. At 
2 inches from the nozzle the fuel from the outer cone 
had probably lost its relative air velocity and settled, 
together with that from the inner core, onto the lamp- 
black below. 

Sprays from the impinging- jets valve had the form 
of a semicircular disk, the plane of which was perpen- 
dicular to that through the two nozzles. The results 
from the tests with this valve illustrate the importance 
of investigating both the atomization and the distri- 
bution of sprays, although for this valve the atomi- 
zation is very poor the distribution is excellent. (See 
%. 20.) 

PENETRATION OF THE FUEL IN SPRAYS 

In the computations that were made for the curves 
of average atomizations of sprays, the lampblack rec- 
ords were divided into sections, and the average data 
for each section were first computed. To obtain 
curves which would show the penetrating power of 
the sprays, these data were converted to the average 
number of drops and their weight per square inch of 
record surface for each section, and these values were 
plotted against the distance from the nozzle to the 
center of the corresponding section. 

Figure 21 shows how the penetration increased with 
an increase in the injection pressure, and Figure 22 
shows how it decreased when the chamber air density 
was increased. Figure 23 shows the effect of the 
length-diameter ratio of the orifice on spray penetra- 



tion. As the ratio was changed from 0.5 to 6, the 
penetrating power increased slightly. The penetra- 
tion of a spray from the helically grooved valve was 
about the same as that from a plain valve injected at 
the same jet velocity (fig. 24), but the spray from the 
impinging-jets valve had a very low penetration. 
(See fig. 25.) 

CONCLUSIONS 

The experiments which were made during this in- 
vestigation furnish the basis for the following conclu- 
sions : 

1. Each spray is composed of several million fuel 
drops, whose diameters vary from less than 0.00025 
inch up to 0.0050 inch and sometimes more. By far 
the greatest number of drops have diameters of 0.0010 
inch or less, but those between 0.0015 and 0.0025 inch 
usually contain more than half the weight of the fuel 
charge. 

2. When the velocity of the fuel through the nozzle 
is increased, either by raising the injection pressure or 
by improving the design of the injection system, there 
is a reduction in the relative number of the large drops. 
The result is a more uniform atomization and a smaller 
mean drop size. 

3. A decrease in the orifice diameter also results in 
a more uniform atomization and a smaller mean drop 
size. 

4. The density of the air into which the fuel is in- 
jected has little effect on the final atomization attained. 

5. Within the range of orifice sizes and operating 
conditions commonly used, the variation in the mean 
drop size is small. The factor having the greatest 
effect on the atomization is the velocity of the fuel as 
it leaves the orifice, the increase in velocity resulting 
from an increase in the injection pressure from 2,280 
to 5,700 pounds per square inch causing a reduction of 
only 20 per cent in the volumetric mean drop diameter. 

6. Whirling of the fuel as it is injected has, in itself, 
no decided effect on the atomization. However, the 
jet velocities for the same injection pressures are 
lower for centrifugal than for plain sprays, and the 
degree of atomization correspondingly less. 

7. Impinging of a fuel jet against a metal lip close 
to the orifice results in no measurable change in the 
atomization. 

8. Visual observation of sprays injected into the air 
can not be used to estimate their relative fineness of 
atomization. 

9. Centrifugal sprays and sprays produced by the 
impinging of two fuel jets have a more even distribu- 
tion of the fuel than those from plain nozzles, but their 
penetrating power is much lower. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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4. PROPELLER SYMBOLS 



p, 



Diameter. 
Geometric pitch. 
p/Dj Pitch ratio. 
V\ Inflow velocity. 

Slipstream velocity. 

Thrust, absolute coefficient C T Z 



pn 3 D 5 



V s , 



pn 2 D x 



Q, Torque, absolute coefficient ty 8 * 8 2^ 



P, Power, absolute coefficient 0 P = 

C B , Speed power coefficient = •yj T*tf* 

7), Efficiency. 

n, Kevolutions per second, r. p. s. 

3>, Effective helix angle = tan' 1 (^~~^ 



5. NUMERICAL RELATIONS 



1 hp = 76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s = 0.01315 hp 
1 mi./hr.= 0.44704 m/s 
1 m/s = 2.23693 mi./hr. 



1 lb. =0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



